Marrow stromal stem cells (MSCs) are stem-like cells that are currently being tested for their potential use in cell therapy for a number of human diseases. MSCs can differentiate into both mesenchymal and nonmesenchymal lineages. In fact, in addition to bone, cartilage and fat, it has been demonstrated that MSCs are capable of differentiating into neurons and astrocytes. RB and RB2/p130 genes are involved in the differentiation of several systems. For this reason, we evaluated the role of RB and RB2/p130 in the differentiation and apoptosis of MSCs under experimental conditions that allow for MSC differentiation toward the neuron-like phenotype. To this end, we ectopically expressed either RB or RB2/p130 and monitored proliferation, differentiation and apoptosis in rat primary MSC cultures induced to differentiate toward the neuron-like phenotype. Both RB and RB2/P130 decreased cell proliferation rate. In pRboverexpressing cells, the arrest of cell growth was also observed in the presence of the HDAC-inhibitor TSA, suggesting that its antiproliferative activity does not rely upon the HDAC pathway, while the addition of TSA to pRb2/p130-overexpressing cells relieved growth inhibition. TUNEL reactions and studies on the expression of genes belonging to the Bcl-2 family showed that while RB protected differentiating MSCs from apoptosis, RB2/p130 induced an increase of apoptosis compared to controls. The effects of both RB and RB2/p130 on programmed cell death appeared to be HDAC-independent. Molecular analysis of neural differentiation markers and immunocytochemistry revealed that RB2/p130 contributes mainly to the induction of generic neural properties and RB triggers cholinergic differentiation. Moreover, the differentiation potentials of RB2/ p130 and RB appear to rely, at least in part, on the activity of HDACs.
Introduction
In addition to hematopoietic stem cells, bone marrow contains cells called marrow stromal stem cells (MSCs) that meet the criteria for stem cells of nonhematopoietic tissues. These stem cells are currently referred to as either mesenchymal stem cells, because of their ability to differentiate into mesenchymal cells (such as bone and cartilage cells, adipocytes), or marrow stromal cells, because they appear to stem from the complex array of supporting structures found in marrow. [1] [2] [3] MSCs have shown to possess great somatic plasticity since they can differentiate into nonmesenchymal lineages. In fact, it has been demonstrated that MSCs are capable of differentiating into neurons and astrocytes in vitro and in vivo. MSCs are of interest because they are easily isolated from a small aspirate of bone marrow and can be expanded through as many as 50 population doublings in about 10 weeks. 3 For these reasons, the cells are currently being tested for their potential use in cell and gene therapy for a number of human diseases, such as neurological pathologies. This possibility is exciting but is far from a reality, as data on somatic plasticity are very scant and more in-depth studies are required to study the molecular pathways regulating MSC proliferation, differentiation and apoptosis. Our research was devoted to investigating the role of RB and RB2/p130 genes in MSC biology.
The retinoblastoma (Rb) family genes, RB, RB2/p130 and p107, play a major role in controlling the cell cycle. This function is mainly accomplished by the differential binding of RB family proteins to the members of the E2F family of nuclear factors, which in turn regulate the transcription of several genes involved in DNA synthesis and cell cycle progression. 4, 5 Although some data indicate that pRb, pRb2/p130 and p107 are able to compensate each other, their specific binding properties suggest that each Rb family protein plays a distinct role in cell cycle regulation, depending on the cell maturation state and type. [6] [7] [8] [9] [10] The Rb gene family members are also involved in the onset of differentiation in a wide variety of cell types. 5, 11, 12 In
Cell Death and Differentiation (2005) 12, 65-77 particular, several data indicate that pRb and pRb2/p130 play a crucial role in neurogenesis. 7, 9, 10, [13] [14] [15] [16] [17] [18] [19] We evaluated the contribution of RB and RB2/p130 in the differentiation and apoptosis of MSCs under experimental conditions allowing for MSC differentiation toward the neuronlike phenotype. To this end, we overexpressed either RB or RB2/p130 by adenovirus transduction in rat primary MSC cultures induced to differentiate, and monitored the proliferation, differentiation and apoptosis processes.
Rb family members act by binding to the transactivation domain of E2F transcription factors and directly blocking E2F activity. In addition, they can actively repress transcription by recruiting chromatin remodeling enzymes. These enzymes fall into two classes: histone deacetylases (HDACs) and the ATP-dependent SWI/SNF complex. To establish whether the role of RB and RB2/p130 in MSC biology is dependent on HDAC activity, we overexpressed such genes in differentiating MSCs in the presence of Trichostatin A (TSA), which is a specific HDAC inhibitor. 20, 21 The study of the relationship between the RB gene family and HDACs is intriguing, since other research groups have already demonstrated that HDAC pathways play a role in neural cell commitment and differentiation. 20, 22 Results
In vitro neural differentiation of MSCs
Although adult rat and human MSCs can normally differentiate into mesenchymal derivative, several groups have demonstrated that MSCs can be induced to differentiate into neurons. 2, 3, 24, [28] [29] [30] [31] We decided to investigate the process of in vitro neural differentiation in more detail by defining expression patterns for genes representative of 'generic' neural differentiation, as well as genes associated with specific neurotransmission. To this end, we induced neural differentiation of MSCs as reported by Woodbury et al, 24, 31 and monitored gene expression profiles for 5 days following neural induction.
We also analyzed the growth rate and cell death during the in vitro neural maturation process. As expected, cell proliferation decreased following treatment with the NIM (Neural induction medium) ( Figure 1a ). This observation was confirmed by BrdU incorporation; in fact, as differentiation proceeded, only a residual number of cells were positive for Figure 1d ). Cell growth was arrested at 1 day of NIM treatment and the cell number decreased after 5 days of incubation in NIM. The cell death profile was in agreement with cell proliferation. In fact, a cytotoxicity assay showed that in the proliferating medium (PRO) the percentage of dead cells was lower than 3%. The number of dead cells increased during the first days of differentiation and reached a peak at 5 days of NIM treatment (Figure 1c ). Flow cytometry analysis suggested that the loss of cells during differentiation treatment was due to apoptosis, since the percentages of subdiploid cells (apoptotic cells) overlapped those observed in cytotoxic assays (data not shown). Generally speaking, neuron differentiation is associated with cell death. For this reason, it could be argued that MSCs progressively matured during treatment with NIM. However, at 5 days of NIM treatment, we observed the loss of some key features of differentiating neurons (see below) along with a high cell death rate. These phenomena suggest that NIM, at least under our experimental conditions, did not allow long-term neuron survival. We subsequently analyzed the expression profile of Rb and Rb2/p130 during in vitro neural differentiation of MSCs. Both proteins showed a dramatic increase after 1 day incubation in NIM, which is in agreement with the onset of differentiation and the drop of proliferation rate observed. As the incubation time in NIM increased, pRb displayed a progressive reduction in expression, while pRb2/p130 showed a huge accumulation ( Figure 2) .
Basic helix-loop-helix (bHLH) proteins are transcription factors involved in cell fate determination and differentiation in several cell lineages. In particular, some bHLH proteins act as determination and/or differentiation factors of neuroepithelial cells. 32, 33 In contrast, the Id proteins, such as Id2, inhibit cell determination and differentiation by interacting with bHLH proteins. Id proteins possess the HLH domain but lack the basic domain which is needed for DNA binding. Therefore, by interacting with bHLH proteins, they act as dominant-negative factors. [34] [35] [36] We decided to analyze the expression profile of Id2, which counteracts the action of bHLH proteins and at the same time can be regulated by RB proteins. 34, 36, 37 As expected, the levels of Id2 mRNA decreased progressively as cells began to differentiate ( Figure 3 ). However, at 5 days in NIM Id2 mRNA expression increased again, although the mRNA levels were still lower compared to those detected in proliferating cells ( Figure 3 ). To begin defining in vitro neural differentiation, we looked at the expression of genes for the Neuron-specific enolase (NSE) and neurofilament triplet proteins NF-H, NF-M and NF-L, which are involved in the differentiation process of neuronal cells. 38, 39 NSE expression increased progressively during differentiation, as expected ( Figure 3) . The expression levels of NF-M and NF-L were very low in proliferating MSCs and remained low also during the differentiation process; this did not allow us to perform a semiquantitative analysis (data not shown).
We detected NF-H mRNA in proliferating MSCs; nevertheless, its expression did not increase progressively during differentiation as expected, but instead showed a bimodal expression profile (Figure 3 ).
At none of the analyzed time points did we observe the expression of GFAP and PLP, chosen as markers of astrocyte and oligodendrocyte maturation. 20, 40 This suggests that MSCs are not able to differentiate into glial cells under our experimental conditions. We looked at the expression of several neurotransmitter markers to verify whether during the early steps of in vitro differentiation MSCs acquired only a generic neuronal phenotype or whether they were committed toward specific maturation pathways. On the other hand, in proliferating MSCs, we observed tyrosine hydroxylase (TH) mRNA, whose expression decreased as cells began to differentiate (Figure 3 ). This was associated with a progressive increase in the cholinergic marker AChe and vasoactive intestinal peptide (VIP) mRNAs (Figure 3) . A combination of TH downregulation along with AChe and VIP expression is a typical feature of differentiating cholinergic neurons. [41] [42] [43] [44] We also performed a morphological analysis of differentiating MSCs. The molecular data were in agreement with morphological studies. We identified differentiating neurons by antineurofilament immunostaining. Cells in the PRO were negative for the expression of neurofilaments, while 2878% of differentiating cells were positive after 1 day in NIM (Figure  4a and b). These results overlapped with those regarding differentiating cholinergic neurons, which were identified by cytochemical AChe staining (Figure 4c and d) . In fact, MSCs in PRO medium were negative for AChe staining, while 2677% differentiating cells (1NIM) were strongly AChepositive. These data suggest that MSCs differentiating into neurons acquired a cholinergic phenotype.
Adenovirus transduction caused transient increase in ectopic proteins
Given the huge increase of pRb and pRb2/p130 observed at the onset of differentiation, we decided to study whether the presence of high levels of these genes before the induction of differentiation could affect this process. We transduced proliferating MSCs with recombinant adenoviruses expressing Rb (Ad-CMV-Rb), Rb2/p130 (Ad-CMV-Rb2/p130) or with the empty vector as a control (Ad-CMV), and then we induced differentiation.
Transduction experiments were performed by making certain not to overwhelm cell machinery with nonphysiologically high and prolonged production of ectopic proteins. We chose this strategy considering that momentary increases in Western blot analysis, performed 1, 2 and 3 days after infection (PRO, PRE and 1NIM media, respectively) demonstrated that the expression of pRb2/p130 increased progressively and significantly in Ad-CMV-Rb2/p130-transduced cells compared to those infected with control viruses (Ad-CMV and Ad-CMV-b-gal) ( Figure 5 ). On the contrary, the transduction of MSCs with Ad-CMV-Rb caused a transient increase in pRb expression at 24 h postinfection and this value fell to basal level at 48 and 72 h ( Figure 5 ). It is worth noting that short time exposures to increased expression of such antioncogenes caused profound effects on MSC biology (see following paragraphs).
Both RB and RB2/p130 affect cell growth and apoptosis Both RB and RB2/p130 induced a significant reduction in cell proliferation rate (data not shown). This result was in agreement with the decrease of BrdU-positive cells observed in cultures transduced with Ad-CMV-Rb and Ad-CMV-Rb2/ p130 compared to controls after 1 day in NIM (Figure 6a , dark bars). It is remarkable that the growth arrest promoted by RB is far more effective than that promoted by RB2/p130.
The effects on the apoptosis machinery were completely different. RB protected differentiating MSCs from programmed cell death, while RB2/p130 caused an increase in apoptosis compared to controls (Figure 6b , dark bars). In fact, cells transduced with Ad-CMV-Rb showed a 4577% decrease in the apoptotic index compared to controls, whereas cells transduced with Ad-CMV-Rb2/p130 showed a 3576% increase in this index (Figure 6b , dark bars).
We extended these studies by analyzing the expression of genes playing a role in apoptosis. The Bcl-2 family is the most 
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Ad CMV Ad CMV Ad Rb2 Ad CMV Ad Rb2 3.82 ± 0.38 2.14 ± 0. and Ad-CMV, either in the presence or in the absence of TSA. All these experiments were performed after 1 day incubation in NIM. *Po0.05 respect to control virus infected cells prominent gene group involved in cell viability, which is governed at the molecular level by a balance between proapototic and antiapoptotic signals. Bcl-2 family members that promote cell survival include Bcl-2 and the long form of Bcl-X (Bcl-X L ), whereas Bax and the short form of Bcl-X (Bcl-X S ) promote apoptosis. 47, 48 Molecular data were in agreement with the morphological analysis of the apoptotic process. Cells expressing ectopic RB showed an increase in the Bcl-X L / Bcl-X S ratio compared to controls (Figure 6c , dark bars), suggesting that antiapoptotic signals overcame the proapoptotic ones. On the other hand, in cells transduced with Ad-CMV-Rb2/p130, we detected a huge increase in Bax expression, thus the balance was in favor of pro-apoptotic genes (Figure 6d ).
Cell growth arrest induced by pRb2/p130, but not pRb, relies upon HDAC; the effects on programmed cell death are HDAC independent Rb family members can repress transcription either by direct inhibition of E2F activity or by recruiting chromatin remodeling enzymes, such as HDACs. [49] [50] [51] To establish whether the role of RB and RB2/p130 in MSC biology is dependent on HDAC activity, we overexpressed such genes in differentiating MSCs in the presence of TSA, which is a specific inhibitor of HDACs. 21 The proliferation assay and the percentage of S-phase cells as determined by BrdUincorporation demonstrated that, in the presence of TSA, pRb was still able to affect cell growth (Figure 6a , light bars). This result suggests that the growth arrest induced by pRb does rely upon HDAC activity. On the contrary, cells overexpressing pRb2/p130 in the presence of TSA did not show a decrease in the percentage of BrdUpositive cells, suggesting that the effect of pRb2/p130 is mediated by HDAC activity (Figure 6a , light bars). In a previous study, 52 we reported that pRb2/p130 induces growth arrest even in the presence of TSA, based on the percentage of PCNA-positive cells. While PCNA downregulation was also confirmed at the transcriptional level (data not shown), this observation contrasts with data obtained from BrdU incorporation, which is considered a more reliable marker of proliferation.
The effects of both RB and RB2/p130 on programmed cell death were not affected by HDAC inhibition. In fact, even in the presence of TSA, pRB showed an antiapoptotic activity and pRb2/p130 a proapoptotic activity. On the contrary, the inhibition of HDAC activity appeared to emphasize the effects of these genes (Figure 6b, light bars) .
Molecular data were in agreement with morphological analysis of the apoptotic process (Figure 6c Molecular analysis confirmed that RB and RB2/p130 contribute to the neuronal maturation of MSCs. In fact, the level of NSE was strongly increased in cells overexpressing either pRb or pRb2/p130 compared to controls (Figure 8 ). The decrease in Id2 mRNA expression observed in Ad-CMV-Rbtransduced cells further corroborates this hypothesis (Figure 8 ).
The activation of the cholinergic pathway in cells overexpressing RB or RB2/p130 was also demonstrated by RT-PCR analysis of AChe, TH and VIP mRNA expression ( Figure 8 ). It is worth noting that an increased AChe expression in cells infected with Ad-CMV-Rb or Ad-CMVRb2/p130 did not correspond to an equivalent increase in mRNA levels ( Figure 8 ). These data further confirm that the AChe gene (as well as VIP) exhibits a multilevel regulation of expression [53] [54] [55] [56] and that an increase in enzymatic activity is not necessarily accompanied by an increase in mRNA level.
The low level of AChe mRNA observed in Ad-CMV-Rb2/ p130-infected cells, along with the observation that not all the cells which proved positive for neurofilament staining also demonstrated AChe activity, suggest that RB2/p130 contributes mainly to the induction of generic neural properties in differentiating MSCs. On the contrary, RB overexpression appeared to trigger a cholinergic differentiation pathway in MSC cultures.
The inhibition of HDAC activity by TSA treatment partially inhibited the effects of RB on neural commitment and differentiation of MSCs. In fact, while the percentage of cells (Figure 7 ). In addition, the expression of NSE was reduced in cells overexpressing pRb2/ p130 in the presence of TSA compared to those not treated with TSA (Figure 8) .
The observation that HDAC inhibition affects the differentiating activities of both pRb and pRb2/p130 is in agreement with the effects of TSA on cyclin kinase inhibitors (see next paragraphs).
E2F-responsive genes in pRb and pRb2/p130-overexpressing cells
In order to clarify the different effects of RB and RB2/p130 genes overexpression in MSC biology, we analyzed the mRNA levels of representative E2F-responsive genes that are involved in cell proliferation (cyclin A) and apoptosis (ARF, E2F1 itself, APAF1) and whose transcription is regulated by pRb and pRb2/p130, via interaction with E2F transcription factors. [57] [58] [59] [60] Among the time points analyzed (1, 2 and 3 days after infection, which correspond to PRO, PRE and 1NIM media, respectively), we found significative variations in mRNA expression 24 h after infection, when the levels of the Rb proteins first rose. At this time point, all the genes analyzed (except APAF1) were downregulated in cells overexpressing pRb or pRb2/p130 in the absence of TSA (Table 1 ). In the presence of TSA, however, we observed the downregulation of cyclin A only in cells infected with Ad-CMV-Rb, while ARF and E2F1 transcription was inhibited in cells transduced with Ad-CMV-Rb2/p130 (Table 1 ). These data suggest that cyclin A expression may account for the effects observed on cell proliferation in cells transduced with Ad-CMV-Rb, while apoptosis does not seem to be mediated by the E2F-responsive genes analyzed since both ARF and E2F1 are downregulated both in cells tranduced with Ad-CMV-Rb and Ad-CMV-Rb2/p130.
Molecular pathways in differentiated cells overexpressing pRb and pRb2/p130
Thereafter, we analyzed the expression levels of p53 and p27, two genes that play a key role in the control of the G 1 /S checkpoint of the cell cycle and act through overlapping pathways with RB and RB2/p130. 15, 36, [61] [62] [63] It was also demonstrated that p27 and p53 are key genes in vertebrate neural cell fate determination and differentiation. 36, [64] [65] [66] [67] These genes are mostly regulated at the protein level and are not directly dependent on Rb protein expression. For these reasons, we analyzed their expression in cells transduced with Ad-CMV-Rb and Ad-CMV-Rb2/p130 after the induction of differentiation (1NIM) by Western blot analysis.
We observed a significant increase in p27 protein in cells transduced with Ad-CMV-Rb and Ad-CMV-Rb2/p130 compared with controls ( Figure 9 ). This suggests that the role of RB and RB2/p130 genes in the neural differentiation of MSCs may also rely upon p27-mediated pathways. It has been reported that the induction of Rb proteins specifically inhibits cyclin A-and cyclin E-associated kinase activity and by doing so induces p27 levels, presumably by inhibiting p27 targeted proteolysis by cyclin-CDK phosphorylation of p27. 62 Thus, cyclin A downregulation may explain the increase in p27 protein in cells overexpressing pRb and pRb2/p130. Figure 8 Semiquantitative RT-PCR analysis of mRNA expression of the indicated genes in MSCs transduced with Ad-CMV-Rb, Ad-CMV-Rb2/p130 and Ad-CMV, either in the presence or absence of TSA, after 1 day incubation in NIM. mRNA levels were measured by a GELDOC instrument and normalized with respect to HPRT, which was chosen as an internal control. Each experiment was repeated at least three times. Variations in gene expression are given as arbitrary units The inhibition of HDAC activity had a complex effect on the regulation of the p27 gene. The final result of the TSA treatment on MSCs seems to be the inhibition of p27 activity. We did not observe any p27 protein expression in MSCs transduced with Ad-CMV in the presence of TSA compared to those transduced in the absence of the HDAC inhibitor ( Figure 9 , compare Ad-CMV versus Ad-CMV þ TSA).
The effects of TSA on NSE and Id2 expression in MSC differentiating cultures indicated that HDAC inhibition impairs neural differentiation. This supposition is further sustained by the observation that in TSA-treated MSCs, we observed a huge downregulation of p27 protein ( Figure 9 ) compared to untreated cells. The ectopic expression of either RB or RB2/ p130 did not revert the downregulation of p27 protein expression caused by TSA treatment (Figure 9 ). These data further support the hypothesis that RB and RB2/p130 do play a role in the neural differentiation of MSCs depending on the HDAC pathway.
We observed an increase in p53 protein level only in cells transduced with Ad-CMV-Rb2/p130, both in the presence and absence of TSA ( Figure 9 ). As reported above, RB seems to contribute to MSC growth arrest and neural differentiation to a greater extent than RB2/p130; thus, p53 upregulation observed in cells transduced with Ad-CMV-Rb2/p130 may be linked principally to the activation of the cell death process rather than to the inhibition of cell proliferation and to the neural differentiation process. In fact, several reports have demonstrated that p53-controlled pathways also depend upon p53 protein level. In particular, a low level of activated p53 can induce growth arrest and/or differentiation, while high p53 expression leads to programmed cell death.
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Discussion Marrow stromal stem cell somatic plasticity Marrow stromal cells are nonhematopoietic multipotent stem-like cells and are capable of differentiating into both mesenchymal and nonmesenchymal lineages. In fact, in addition to bone, cartilage and fat, it has been demonstrated that MSCs are capable of differentiating into neurons and astrocytes in vitro and in vivo. 2, 24, 28, 29, 31, 70 MSCs are of interest because they are easily isolated from a small aspirate of bone marrow and can be quickly expanded in vitro. For these reasons, the cells are currently being tested for their potential use in cell and gene therapy for a number of human diseases, such as neurological pathologies.
Basic studies aiming to resolve issues with regard to commitment, lineage restriction and differentiation of MSCs are of great interest. In particular, little is known about the somatic plasticity of these cells that have the potential to differentiate into neurons. To begin approaching such issues, we performed a molecular and cytochemical analysis of differentiating rat MSCs to monitor proliferation, differentiation and cell death for 5 days in vitro and analyzed the expression levels of certain genes playing a major role in these processes.
The in vitro differentiation procedure induced a neuron-like phenotype, as demonstrated by analyzing several markers of neural commitment and maturation ( Figure 3) .
The studies performed indicate that the progression of MSCs maturation cannot be easily followed by analyzing the mRNA expression of neurofilaments, since these genes showed a bimodal expression during in vitro differentiation. On the opposite, NSE and Id2 are good markers for monitoring in vitro neural commitment and differentiation since they showed a progressive increase (NSE) or decrease (Id2) in mRNA levels during the experimental time course (Figure 3 ). To better characterize the neural differentiation potential of MSCs, we checked for the expression of several neurotransmitter markers. Among the analyzed neurotransmitters, we found that differentiating MSCs expressed increasing AChe, VIP and decreasing TH mRNAs. The expression of AChe and VIP mRNAs changed progressively during the first days of MSC differentiation (Figure 3) . However, these are not reliable markers for a semiquantitative analysis of MSC neuronal maturation. In fact, these genes have a complex regulation at transcriptional, posttranscriptional, translational and post-translational levels. [53] [54] [55] [56] For this reason, the detection of their mRNAs is useful only to determine that the cholinergic pathway has been triggered.
Neurofilament immunostaining and in situ detection of AChe activity are very useful for qualitative analyses and further suggest that MSCs began to differentiate into cholinergic neurons (Figure 4a-d) .
These molecular analyses further lend credit to the hypothesis that MSCs possess a huge somatic plasticity and are amenable to neural commitment and differentiation. Moreover, they suggest that the protocol used for neural differentiation is suitable for studies on stem cell commitment and on the early steps of neural differentiation, while it is not adequate for long-term survival of neurons in vitro. In fact, along with the inhibition of cell cycle, we observed a progressive increase in cell death during the incubation in NIM (Figure 1 ). Figure 9 Western blot analysis of p53 and p27 protein in MSCs transduced with Ad-CMV-Rb, Ad-CMV-Rb2/p130 and Ad-CMV, either in the presence or absence of TSA, after 1 day incubation in NIM. Protein levels were measured by a GELDOC instrument and normalized with respect to b-actin, which was chosen as an internal control. Each experiment was repeated at least three times. Variations in protein expression are given as arbitrary units
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Role of RB and RB2/p130 during in vitro neural differentiation of MSCs
Once we established useful molecular and morphological markers for studies on the early phases of neural commitment and differentiation of MSCs, we looked at the role played by RB and RB2/p130 genes during this critical time period. RB and RB2/p130 genes are involved in the differentiation of several systems; thus, they could also make a key contribution in marrow stromal cell differentiation. In particular, we investigated the role of RB and RB2/p130 in the differentiation and apoptosis of MSCs under experimental conditions that allow for differentiation toward the neuron-like phenotype.
We found that both proteins were highly upregulated during the critical step of neural differentiation. However, while pRb progressively decreased to basal levels at 2 and 5 days in NIM, pRb2/p130 showed a consistent accumulation (Figure 2 ). These data suggest that both proteins may play a role in MSCs differentiation toward a neuron-like phenotype. To gain insights into the role played by the Rb family proteins in this process, we ectopically expressed either RB or RB2/ p130 in rat primary MSC cultures, which were then induced to differentiate, and we monitored proliferation, differentiation and apoptosis using several technical approaches. In order to ascertain whether the effects of Rb family genes were mediated by their interaction with HDACs, the experiments were also performed in the presence of TSA, a specific inhibitor of histone deacetylases.
Both RB and RB2/p130 induced a reduction in cell proliferation rate with respect to the control cells, as determined by the decrease in BrdU incorporation in cells transduced with Ad-CMV-Rb and Ad-CMV-Rb2/p130 compared to controls. These data are in agreement with the role of these genes as negative regulators of cell cycle progression. 5, 71 In the presence of the HDAC-inhibitor TSA, the arrest of cell growth was still observed in pRb-overexpressing cells, but not in cells overexpressing pRb2/p130. These results suggest that the antiproliferative activity of RB does not rely upon the HDAC pathway, while the growth arrest induced by RB2/P130 seems to require the activity of HDACs (Figure 6a ). The analysis of cyclin A expression correlates with these observations (Table 1) . Cyclin A is a downstream target of RB and is involved in RB-mediated arrest; 62, 72 thus, its unaltered expression in pRb2/p130-overexpressing cells in the presence of TSA may explain why these cells do not show decreased proliferation. These data are also in agreement with our previous studies in which we demonstrated that the binding of pRb2/p130 to HDAC1 increased its ability to inhibit the transcription of the E2F-dependent promoter of cyclin A in vivo.
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Several authors have suggested that pRb and pRb2/p130 may have almost totally overlapping activities. 74 However, the data reported above and the effects of the ectopic expression of these proteins on the apoptosis machinery of differentiating MSCs confute this hypothesis. In fact, TUNEL analysis along with studies on the expression of genes belonging to the Bcl-2 family (Figure 6b-d) showed that while RB protected differentiating MSCs from programmed cell death, RB2/ p130 caused an increase in apoptosis compared to controls.
In this case, too, did the effects of RB and RB2/p130 appear to be HDAC independent. Studies on p53 and its downstream effector BAX expression may indicate that RB2/p130 induces apoptosis through a p53-dependent pathway (Figure 9 ). However, we were not able to find a direct correlation between genes regulated by Rb family proteins and p53. Several reports demonstrated that pRb and pRb2/p130 regulate the transcription of different sets of E2F-responsive genes. 58, 60 Thus, it was reasonable to hypothesize that the expression of the E2F-responsive genes ARF and E2F1, which are linked to the activation of the p53 pathway, may be differentially regulated in Ad-CMV-pRB2/p130-transduced cells, where we observed an increase in p53 protein expression, and in Ad-CMV-Rb-infected cells. Nevertheless, E2F1 and ARF transcription was inhibited both in cells overexpressing pRb and in cells overexpressing pRb2/p130 (Table 1) . Thus, the increase in p53 protein does not seem directly associated to the pRb2/ p130 regulation of E2F-dependent genes.
A further explanation may be obtained from the observation that pRb impairs E2F1 activity both by blocking its transcription and by binding and silencing its activation domain. On the opposite, pRb2/p130 can only regulate E2F1 at the transcriptional level. 56 For this reason, while the neosynthesis of E2F1 proteins is arrested, the existing E2F1 molecules could still trigger p53-associated pathways in MSCs overexpressing pRb2/p130. On the other hand, the involvement of other Rbinteracting proteins cannot be ruled out. 75 We subsequently looked at the effects of RB and RB2/p130 genes on the molecular markers of neural differentiation. Both RB and RB2/p130 contributed to the induction of generic neural properties as indicated by the increase in NSE mRNA level and increased the percentage of cells immunostained with antibodies targeted against the whole class of neurofilaments. However, while in MSC cultures infected with Ad-CMV-Rb, the percentage of cells stained with antineurofilament Abs was equivalent to that of cells which proved positive for AChe activity, in those infected with Ad-CMV-Rb2/p130, the number of neurofilament-positive cells was significantly higher (Po0.05) than the number of cells exhibiting detectable AChe activity (Figure 7) . These results suggest that RB2/ p130 contributes principally to the induction of generic neural properties and that RB triggers cholinergic differentiation. HDAC activity seems to play a role in neural differentiation induced by Rb family members. In fact, the differentiation potential of RB2/p130 is greatly affected by the inhibition of HDACs (Figures 7 and 8) , and also the neural differentiation induced by RB ectopic expression appears to rely, at least in part, on the enzymatic activity of HDACs (Figure 8 ). These data are in agreement with reports showing the importance of HDAC in regulating neural and glial development. 20, 22 The data with regard to p27 expression following transduction of RB and RB2/p130 suggest that, rather than having a role in RB-or RB2-mediated cell cycle arrest, this protein may contribute to their differentiating activity. In fact, despite undetectable levels of p27, the proliferation of cells overexpressing pRb is still inhibited in the presence of TSA. Thus, p27 expression seems unnecessary for pRb-dependent growth inhibition. On the opposite, p27 expression correlates with the differentiating activity of pRb and pRb2/p130. Indeed, a role for p27 in neural differentiation has been proposed. 36 A proposed model of RB and RB2/p130 in the neural differentiation pathway of MSCs Several studies have demonstrated that a small number of proneural genes, which encode transcription factors of the bHLH family, are both necessary and sufficient to initiate the development of neuronal lineages inducing cell commitment and differentiation. 32, 33 These genes could be considered at the top of the hierarchy, which decides cell fate and differentiation. Proneural genes not only determine the neuronal fate of cell progenitors but also promote the arrest of their division, and therefore they act to couple these two fundamental processes. 32, 33, 36 Cell cycle arrest appears to be the mechanism for insulating already specified progenitor cells from the influence of extrinsic fate-determining factors. 36, 76 The regulation of the cell cycle by bHLH genes is likely to involve several 'effector genes' which can act directly on cell cycle machinery, such as the cyclin kinase inhibitors p21, p27 and p19 or the RB gene family members. 36, 76 The irreversible commitment of neural progenitor to differentiation is obtained when proneural genes reach a high level of expression and/or activity. Several positive feedback mechanisms are required to increase or sustain proneural gene expression in neural precursor cells. By binding to Id2, the components of the RB family inhibit its ability to downregulate the proneural activity of bHLH proteins. In this way, RB family members can trigger a positive feedback loop that increases bHLH activity and further promotes neural differentiation. 34, 36, 37, 77 Substances that increase the cellular levels of cAMP are among the principal components of NIM that we used to induce the neural differentation of MSCs. 24, 29, 31 Several reports have shown the induction of bHLH gene expression in response to the activation of the cAMP pathway, 78, 79 suggesting that this could be one of the pathways triggered by NIM treatment to induce neural differentiation.
For these reasons, we speculate that pRb and pRb2/p130 can trigger the neural commitment and differentiation of MSCs as 'effectors' of proneural genes activated by NIM treatment. On the other hand, the overexpression of RB and RB2/p130 in MSCs without NIM treatment did not induce neural differentiation per se (data not shown), thus suggesting that these genes act downstream of the pathways induced by NIM treatment. Once the commitment/differentiation process has been triggered, the RB and RB2/p130 genes actually reinforce the maturation pathway. It should be pointed out that pRb and pRb2/p130 only share certain biochemical properties (e.g. the ability to arrest the cell cycle), while their activities on MSC survival and differentiation may have different/opposite effects. It is worth noting that pRb and pRB2/p130 can play a role in MSC biology both through HDAC-dependent (neural differentiation) and HDAC-independent (cell growth, at least for RB, and apoptosis) pathways.
In conclusion, in studies aiming to define a way to use MSCs for cell therapy in the treatment of neurological disorders, great attention should be paid to the role played by the RB gene in MSC biology, since it can contribute to cholinergic differentiation while at the same time protecting cells from programmed cell death.
Materials and Methods
Animals and MSC cultures
In accordance with protocols devised by Prockop and co-workers, 2, 23 MSCs were harvested from the bone marrow of the femurs and tibias of 4-to 12-month-old rats by inserting a 21-gauge needle into the shaft of the bone and flushing it with complete a-modified Eagle's medium (aMEM) containing 20% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (we indicated this medium as PRO for proliferating). Cells from one rat were plated onto two 100 mm dishes. After 24 h, nonadherent cells were discarded and adherent cells representing marrow stromal stem cells were washed twice with phosphate-buffered saline (PBS). Cells were then incubated for 5-7 days to reach confluence and extensively propagated for further experiments.
All cell culture reagents were obtained from Invitrogen Italia (Italy), unless otherwise stated.
Neural induction
Neuronal induction was performed as described by Woodbury et al, 24 with modifications. Briefly, prior to neuronal induction, cells were grown overnight in a pre-induction medium (PRE) composed of DMEM, 20% FBS and 10 ng/ml bFGF (Preprotech, NJ, USA). Cells were then rinsed with PBS and transferred to the neuronal induction medium (NIM) consisting of 100 mM BHA, 100 mM forskolin, 2% DMSO, 25 mM KCl, 2 mM valproic acid, 1 Â B27 supplement, 10 ng/ml bFGF and 10 ng/ml PDGF (Preprotech, NJ, USA) in a base of DMEM. Cells were maintained in NIM for up to 5 days.
Cell proliferation and cell death assay
Cells were seeded at equal density in 96-multiwell plates. Cellular proliferation and cell death were determined at different time points by measuring the metabolic activity of cellular enzymes present in the cytoplasm or released in the culture media, respectively. We used the CellTiter 96 Proliferation Assay and the CytoTox 96 Cell Death Assay (both from Promega, WI, USA) according to the manufacturer's instructions.
Immunocytochemistry
We determined the percentage of neurons in MSC cultures by growing cells on glass coverslips. At different times after the chosen treatments, the coverslips were fixed with 4% paraformaldehyde for 15 min followed by three washes in PBS. The slides were then treated with 0.3% H 2 O 2 in methanol for 5 min, before being washed with 1% BSA in PBS. At this point, cells were incubated with a primary antibody (clone NN18 from Sigma-Aldrich Italia, Italy) targeted against pan-neurofilaments (diluted in PBS supplemented with 1% BSA) for 90 min at room temperature (RT). Afterwards, the slides were washed three times with PBS and incubated with goat anti-mouse secondary antibodies conjugated to peroxidase (DAKO, CA, USA) for 45 min at RT. Lastly, after further washing in PBS, the slides were treated with diaminobenzidine (DAB) substrate (Roche, Germany).
For bromodeoxyuridine (BrdU) immunostaining, cells were grown on glass coverslips, incubated for 5 h with 10 mM BrdU and then treated for immunocytochemistry using the 5-Bromo-2 0 -deoxy-uridine Labeling and Detection Kit II (Roche, Germany). Briefly, cells were rinsed with PBS, fixed with 70% ethanol in 50 mM glycine pH 2 at À201C for 20 min, rinsed again with PBS and incubated with an anti-BrdU mouse monoclonal antibody (clone BMG 6H8) containing nucleases, diluted 1 : 10 in 66 mM Tris buffer, 0.66 mM MgCl 2 and 1 mM 2-mercaptoethanol. After 30 min at 371C, the cells were washed with PBS and incubated with an anti-mouse Ig alkaline phosphatase diluted 1 : 10 in PBS for 30 min at 371C. Lastly, color was developed by incubation with BCIP/NBT in 100 mM Tris-HCl, 100 mM NaCl and 50 mM MgCl 2 pH 9.5 for 20 min at RT.
Cell cycle analysis
For each assay 5 Â 10 5 cells were collected and resuspended in 500 ml of a hypotonic buffer (0.1% Triton X-100, 0.1% sodium citrate and 50 mg/ml propidium iodide, RNAse A). Cells were incubated in the dark for 30 min and then analyzed. Samples were acquired on a FACSCalibur flow cytometer using the Cell Quest software (Becton Dickinson, NJ, USA) and analyzed with standard procedure using the Cell Quest software and the ModFitLT software version 3 (Becton Dickinson, NJ, USA).
Acetylcholinesterase (Ache) cytochemistry
AChe in situ detection was performed according to the protocol devised by Zhang et al. 25 Briefly, cells were fixed with 4% paraformaldehyde for 30 min, before being rinsed with PBS. Cultures were then incubated in a fresh solution consisting of 3 mM copper sulfate, 5 mM sodium citrate, 0.5 mM potassium ferricyanide and 1.8 mM acetylthiocholine in 0.1 M phosphate buffer pH 6 for 1-2 h at 371C. After two rinses with 0.5 mM TrisHCl pH 7.6, the cultures were incubated for 5-10 min in an intensification solution composed of DAB substrate (Roche, Germany).
TUNEL assay and determination of apoptotic index
Cells for the TUNEL assay (In situ Cell Death Detection Kit from Roche, Germany) were grown on glass coverslips. They were fixed for 15 min using 4% paraformaldehyde before performing the TUNEL reaction according to the manufacturer's instructions. The cells were then observed under a fluorescence microscope. The apoptotic index was calculated by the percentage of positive TUNEL cells out of 1000 cells in five different microscope fields.
Adenoviral production and transduction
The Ad-CMV-Rb2/p130, Ad-CMV and Ad-CMV-b-gal viruses were generated as described previously. 26 Briefly, recombinant adenoviruses were constructed by cotransfecting the adenoviral shuttle plasmid pAdCMVlink-1, with or without insertion of either the RB2/p130 or the Lac-Z gene behind the CMV promoter, and Cla I Ad5 DNA (viral backbone) into 293 primary embryonic kidney cells, which supplied the E1 function in trans. Homologous recombination occurred in the overlap region between the restricted viral DNA and the shuttle plasmids, and produced recombinant Ad-CMV-Rb2/p130, Ad-CMV and Ad-CMV-b-gal adenoviruses, which were then purified and utilized for cell infection. The Ad-CMV-Rb was kindly provided by Professor J Fueyo of the University of Texas, TX, USA. To obtain enough viruses for MSC infections, recombinant adenoviruses were expanded by infecting 293 cells and then purified.
Cell cultures were transduced at different multiplicities of infection (MOI) with Ad-CMV-Rb, Ad-CMV-Rb2/p130, Ad-CMV and Ad-CMV-b-gal and cytotoxic effects were determined by trypan blue exclusion and CytoTox 96 cell death assay (Promega WI, USA). b-galactosidase activity was evaluated by an in situ detection b-gal staining kit (Roche, Germany) to determine the percentage of infected cells. Typically, we found that about 80% of MSCs were positive for b-galactosidase activity when transduced with 200 MOI during a 48-h incubation time.
RNA extraction and reverse transcriptasepolymerase chain reaction (RT-PCR)
Total RNA was extracted from cell cultures using TRI REAGENT (Molecular Research Center Inc., OH, USA) according to the manufacturer's protocol. The mRNA levels of the genes analyzed were measured by RT-PCR amplification, as reported previously. 27 Sequences for human mRNAs from the GeneBank (DNASTAR Inc., WI, USA) were used to design primer pairs for RT-PCR reactions (OLIGO 4.05 software, National Biosciences Inc., MN, USA). Appropriate regions of HPRT cDNA were used as controls. PCR cycles were adjusted to have linear amplification for all the targets. Each RT-PCR reaction was repeated at least three times. A semiquantitative analysis of mRNA levels was carried out by the 'GEL DOC UV SYSTEM' (Biorad Company, CA, USA).
Western blotting
Cells were lysed in a buffer containing 0.1% Triton for 30 min at 41C. The lysates were then centrifuged for 10 min at 10 000 Â g at 41C. After centrifugation, 10-40 mg of each sample were loaded, electrophoresed in polyacrylamide gel and electroblotted onto a nitrocellulose membrane. Primary antibodies to detect pRb, p53 and p27 were obtained from Santa Cruz Biotechnology (CA, USA). The primary antibody to detect pRb2/p130 was obtained from BD Biosciences (MA, USA), while that for b-actin (chosen as a control) was obtained from Sigma-Italia (Italy). All the Abs were used according to the manufacturers' instructions.
Immunoreactive signals were detected with a horseradish peroxidaseconjugated secondary antibody (Santa Cruz, CA, USA) and reacted with SuperSignal WestPico or WestFemto (Pierce, IL, USA).
Statistical analysis
Statistical significance was evaluated using analysis of variance (ANOVA) analysis followed by Student's t-test and Bonferroni's test.
